ABSTRACT The anomalous dispersion of iron at its K-absorption edge in small-angle scattering of an aqueous solution of hemoglobin has been used to establish the geometrical arrangement of the four iron atoms in this protein. Although the anomalous contributions are 0.001-0.01 of the total scattering, experiments with synchrotron radiation from the storage ring DORIS have shown that these effects can be measured with an average precision of =10% at each of the 50 points of the scattering curve. The anomalous scattering represents the convolution ofthe whole structure with the configuration of the four iron atoms of hemoglobin. Analysis in terms bf multipoles suggests that tetrahedral symmetry ofboth the subunit arrangement and the iron structure is a dominant feature. The mean distance between the iron atoms of 26 A derived from this experiment compares well with that derived from crystallographic data.
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Macromolecular structure research is greatly facilitated by specific implantation of markers. The isomorphous replacement methods in protein crystallography are a classical example, and similar methods have considerably improved the reliability of investigations of noncrystalline materials. Contrast variation in neutron small-angle scattering has become a useful tool for structure investigation of macromolecules that have intramolecular phase separations, such as ribosomes, phages, viruses, and lipoproteins. The result is a low-resolution model that displays the chemically different components by virtue of their different scattering densities. With more biochemical effort, specific deuteration of parts of a complex structure can be achieved. The selective deuteration of one or two proteins in the whole ribosome molecule is a good example (1) . Repetitive application ofthis procedure leads to remarkably good structure resolution' with respect to the total dimensions of the ribosome (2) .
An elegant way to avoid chemical replacement methods is offered by the anomalous dispersion to the scattering factor of both nuclei and atoms. In the case of atoms, the excitation of deep-lying electronic core levels gives rise to a change in the absolute value of the form factor f, that is accompanied by a relative phase shift between incident and outgoing wave. Formally, this is taken into account by an additional real term f and an imaginary part f.
f=fo+f+f" [1] where f' is proportional to the absorption coefficient (2) and f can be derived from f" by.the Kramers-Kronig integral relationship (3). In the plane of complex numbers, the pathway off follows a nearly circular line with a diameter given by f (or equally'f") (3). The relative change in f may be up to 50% (4). It has also been shown that anomalous dispersion influences the scattering pattern of macromolecular solutions mainly via f (5) . The configuration of metal atoms in quarternary structures ofsome proteins and enzymes could, in principle, be studied by anomalous dispersion. So far, anomalous dispersion mostly has been considered as a correction term rather than a constructive element in molecular structure investigation, although this appears to be changing-e.g., in protein crystallography (6) (7) (8) (9) (10) (11) (12) . The effect ofanomalous dispersion on the scattered intensity from noncrystalline material and macromolecular solutions may be quite small. As a typical example, we have chosen a hemoglobin solution. As there will be a resonance-bound depression of f of iron by ==5 electrons among 2000 excess electrons on one hemoglobin subunit, the expected relative changes of intensity are of the order of 0.001-0.01. In this paper we demonstrate that such experiments are entirely feasible, using synchrotron radiation from the storage ring DORIS at the Deutsches Elektronensynchrotron. Moreover, analysis of the data shows that the configuration ofthe four iron atoms in hemoglobin can be determined.
MATERIALS AND METHODS
Human blood free from serum was run in a centrifuge at 6000 rpm for 10 min. The supernatant was removed, and the erythrocyte pellet was suspended in the nonionic detergent Nonidet P40, which dissolves cell membranes. The membrane fragments were. removed by centrifugation at 6000 rpm, and the remaining oxyhemoglobin solution was brought to a concentration of 41%. Contamination by other proteins was <5% of the solute.
Experimental Procedures. The experiments were carried out at instrument X15 of the European Molecular Biology Laboratory Outstation at the Deutsches Elektronen Synchrotron, Hamburg. The essential features ofX15 are given by its constant exit-slit double monochromator and its position-sensitive area detector (13 monitored by two open-air ionization chambers just in front and behind the sample (7). All scattering curves were normalized to the same intensity in the interval 0.9-1 A-1.
Anomalous Dispersion Method. Let the excess scattering density of dissolved particles with respect to the solvent be p(r) = P(r)soiute -Psovent [2] Inside the volume of p(r), there may be regions defined by pa(rl, where anomalous scatterers add to the scattering density. [3] where p,(r) describes the scattering density in the off-resonance region and p' and p" are the anomalous scattering densities in pa(r) pa(r) may be restricted to the sites of very few atoms, as in the present case of hemoglobin. Small-angle scattering will depend on the anomalous contributions, as described by Eq. 4: [4] where 1U(h) = 2 ffpa(r)Psjr) sihIF -j d3rd3r'
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RESULTS AND DISCUSSION
Small-angle scattering ofhemoglobin was measured at 32 wavelengths. To render more visible anomalous dispersion effects of iron at the K-absorption edge, the mean small-angle scattering curve was subtracted from all the data. The result is that the small-angle scattering at constant scattering angle appears to depend on the wavelength in a way similar to absorption.
The tendency of absorption spectra to dominate and to obscure the analysis is quite general in anomalous dispersion studies. Before we start to correct for this, we take some advantages of this fact.
(i) The K-absorption edge of iron: The exact wavelength dependence of the iron anomalous dispersion may depend on the chemical environment of the iron atom but can be obtained if the absorption spectrum is known (16) . Near the K-absorption edge, the absorption coefficient A (in mm-' at mass density [11] and Ia(h) = ff Pa(r)Pa(r') sin hl FId3rd3r'. [5] hjr--PI Is(h) has the same form as Ia(h).
For the purpose ofdata analysis, it is convenient to remember some useful relationships between the basic scattering functions, which are most clearly presented in terms of multipoles (14) .
1=0 m=-I [6] where Ylm denotes spherical harmonics and the vector ; is in polar coordinates r-{rw} Jr,= , Fourier transformation can be done term by term, to give the corresponding coefficients Alm(h) of the amplitude A(h) in the momentum space.
Aim(h)= r(i)| pl0(ryjhr)r2dr. [7] r=0 Small-angle scattering of randomly oriented particles presents itself in the form of a scalar product (15) .
I(h) =
[ Alm(h) =--(A A). [8] 1=0 m=-I Taking into account anomalous effects as described in Eq. 4 yields I = (As + (P' + i#4)Aa'[As + (' + i#)Aa) [9] = (As[As) + 2P'(Aa[As) + [(p)2 + (po)2](Aa,4a).
As the scalar product is not greater than the product of the absolute value of its vectors, an important inequality of the basic scattering function results (14) (Fig. 1A ). The Kramers-Kronig relationship provides f (4) 00 =2 Jw&'(w')dw' =r co2_ ((w')2 W,=0 [12] w = 21rc/A.
As this study is aiming at the dispersion off and f" near the absorption edge only, Eq. 12 can be simplified to (@) = -1 f f'(w+ e) [13] e=-6
where 8is -O.01. The resultingf is shown in Fig. 1B . Referring to the analysis of the K-absorption edge of ferritin, it can be assumed that the total variation off' is practically equal to that off"-i.e., 4.6 ± 1 electrons (5).
The knowledge of the anomalous dispersion off' and f' enables us to start the analysis of small-angle scattering of hemoglobin at the iron K-absorption edge.
(ii) Anomalous dispersion of small-angle scattering: The differences between small-angle scattering functions are corrected in such a way that any trend due to the absorption and fluorescence spectra of iron is eliminated. There is a good reason for this strategy. From the previous data off andf", it is clear that Eq. 4 is simplified, as the quadratic term of p' and p" in Eq. 4 will be small compared with the crossterm, which is linear in p'. Indeed, the contribution of anomalous scattering clearly follows the wavelength dependence off' at all scattering angles (Fig. 1B) . From the whole set off anomalous dispersion curves, the crossterm IU,(h) is derived (see Fig. 4 ).
Anomalous scattering due to iron in hemoglobin is a rather small fraction (0.001-0.01) of the total small-angle scattering (Fig. 2) . The statistical accuracy relies on 30 scattering curves. One-third of them are close enough to the resonance energy of the beam position are the most serious, as they give rise to slight changes of the background that cannot be corrected for.
(iii) (17, 18) . The calculation ofthe scattering eurves using the 4000 x, y, and z coordinates of the other-thanhydrogen atoms ofhemoglobin would certainly provide a more or less satisfactory fit of the experimental data, depending on how well the solvent has been taken into account.
We would like to refrain from doing so and deliberately rely on chemical data only; e.g., hemoglobin is made up offour subunits and it contains four iron atoms. Then, we have to try to analyze in terms of multipoles of I,(h) and Ia(h):
., [14] This is the explicit form of Eq. 9 with the radial multipole function Alm(h) and Bb,(h) of A, and Aa (Eq. 9), respectively. [16] In terms of Laguerre polynomials, Eq. 15 gives poo(X) = CoIWj2(x2) + CjL '2(x2)
The quality of this approximation is strongly influenced by the transformation of the abscissa. At small h, the Guinier approximation holds
[17]
The radius of gyration R ofhemoglobin is 23.7 ± 0.5 A (18, 19) . With the transformation factor 10.2 and the condition that the abscissa at the first minimum Is(h) is identical to that of its monopole, we obtain (20) Aoo ( To obtain A00(h) or pjO(r), the argument x has to be divided or multiplied by 10.2.
The radial electron density poo(r) is nearly equal to that ofthe solvent near the center of hemoglobin. It reaches a maximum at 23 A from the origin and decreases rapidly at still greater distances. Radial-density distributions have been reported in the case of other proteins (21) . The square of Aso(h) is a fairly good approximation of I(h) up to h = 0.25 A-1 (Fig. 3) .
In a similar way, we have to make a guess of the monopole of the iron atom configuration. We transform this problem into a question: Is the mean distance ofthe four iron atoms ofhemoglobin more or less than the radius ofgyration ofthe hemoglobin molecule?
Whether such a mean distance is a reasonable assumption at all will have to be proven. Ifthe four iron atoms are in a thinwalled hollow sphere with the radius R, then the integrand of Eq. 7 is reproduced:
Bo (h) which were excluded in the study of the monopole term. The Bessel function j4(hr) has its first maximum at hr = 5.65. At h = 0.29, the octupole structure would be on a hollow sphere with an average radius of 20 A. This model appears to be acceptable and we are going to find more evidence for it. Ifwe remember that Ia8(h) is a cross term, the strong scatter must come from a common symmetry element that is present in both the hemoglobin molecule and the geometrical arrangement of the iron atoms. From the rather small radius of gyration, a nearly tetrahedral packing of the four subunits ofhemoglobin is a plausible solution, as the radius of gyration of one (myoglobin-like) subunit is 15.8 A. The symmetry of a tetrahedron is well represented by a superposition of the spherical harmonics Y40(w), Y43(w), and Y44(w). According to Eq. 7, these functions are associated with the Bessel function of the fourth order. The same symmetry can be assumed for the iron atom configuration.
How long are the distances between the iron atoms? The cross term suggests a mean radial distance of 20 A for the iron atoms and for the whole hemoglobin structure. As the radius of gyration of hemoglobin is 23.7 A, a correspondingly smaller radial distance has to be assumed for the iron atoms. This brings the radial distance of the iron atoms to 16 A. Assuming tetrahedral symmetry, the distances between the iron atoms would be 26 ± 4 A (Fig. 5) . The crystallographic data of the desoxyhemoglobin model suggest a slightly distorted tetrahedron in which the distances between the iron atoms vary from 25 A to 30 A (22) . On ligand binding, the a and ( hemes approach each other by 2 A, which leads to slightly reduced distances between the iron atoms in oxyhemoglobin (23) .
What can be said about [(p')2 + (p")]Ia(h), which describes the scattering from the iron atoms only? Its zero-angle scattering is five orders ofmagnitudes less than that of the hemoglobin molecule (Fig. 2) . From the mean dis- Ia(h) decreases less rapidly than the other two characteristic scattering functions (Fig. 2) . Nevertheless, Ia(h) remains one order of magnitude less than the crossterm Ij(h), even at mo-readily shows up as an interference term between the amplitudes ofthe whole structure and the structure ofthe anomalous scatterers.
From the multipole analysis, it is seen that I,(h) shows strong intensities whenever the same symmetry element is present in both structures. This very much clarifies the crossterm, as it will contain contributions from (many) fewer multipoles, which can be identified more easily.
In the extreme case of a spherical structure, the radial distribution of anomalous scattering could be obtained even if the structure of the anomalous scatterers is far from being a pure monopole. This result is due to the fact that a spherical structure p8(r) offers no angular orientation for pa(). The same arguments hold for higher multipoles.
The determination of the scattering from the structure of anomalous scatterers would be within the possibilities of this experiment ifthe mean density ofprotein were matched by that of the solvent. Under these conditions, both the linear and quadratic terms of anomalous scattering would be of the same order of magnitude. However, the precision of the data then has to be improved by one order of magnitude. This will not be entirely impossible in the future.
A very elegant direct approach to the detection and use of iron as a marker is provided by Mc4bauer nuclear scattering of iron. By using the pulsed structure of synchrotron radiation, scattering of iron nuclei only should show up cleanly. 
CONCLUSIONS
Modem high-energy electron-(positron-) ring accelerators provide unique conditions for the elucidation of molecular structures hidden to classical techniques. The key to the elucidation of noncrystalline structures is based on the use of anomalous dispersion ofthe atomic form factors. Although the contribution of anomalous scattering is usually a small fraction of the total scattering, the high flux of synchrotron radiation and the beam stability of the storage ring DORIS allow its accurate measurement. These statements are based on the measurement of anomalous scattering of dissolved human hemoglobin. This is a crucial pilot experiment, as the anomalous scattering of iron in hemoglobin is comparable with that ofother metal enzymes. A concentration of 20 mM iron was necessary to detect anomalous scattering of iron at the K-absorption edge. Lower concentrations of anomalous scatterers could be used at LIII-absorption edges, where much higher values off and f" (10-30 electrons) are encountered, as compared with 4-7 electrons at K-absorption edges (16, 24) .
Furthermore, it can be deduced that the anomalous dispersion of the form factors of phosphorus and sulfur will gain considerable interest among molecular biologists. Nearly all proteins contain sulfur, very often as disulfide bridges between adjacent peptide chains in the tertiary structure. Knowledge of the sites of the sulfur atoms would be important for the prediction ofthe folded structure ofa polypeptide chain from amino acid sequence data. Phosphorus is a regular component of the backbone ofnucleic acids. Anomalous dispersion ofphosphorus might lead to simpler scattering patterns, which could be analyzed more readily than currently available data.
The anomalous scatter from noncrystalline material most
